This paper presents the development of a Twin-T oscillator comprising polymer coated parallel plates as a sensor for ocean water salinity monitoring. This sensor employs a parallel plate capacitor design, with sea water serving as the medium between plates. Novalac resin and a proprietary commercial polymer (Accuflo™) were investigated as corrosion protective coatings for the copper electrodes of the capacitor. Electrochemical Impedance Spectroscopy (EIS) was employed to evaluate corrosion inhibition of polymer coating in sea water. A detection circuit was designed and simulated using P-spice and then implemented in Printed Circuit Board (PCB). EIS results indicate that Accuflo exhibits better corrosion inhibition in ocean water than Novolac. Further, the use of Twin-T oscillator based detection circuit resulted in enhanced sensitivity and better detection limit. Experiments performed using ocean water samples resulted in oscillator frequency shift of 410 Hertz/power supply unit (Hz/PSU). Oscillator frequency drift was reduced using frequency-to-voltage converters and sensitivity of 10 mV/PSU was achieved.
Introduction
The oceanic studies began in the 1930s with the search for petroleum, continued with the emphasis for improved naval warfare and more recently have been driven by a need to understand and protect the ecosystem. No discussion on oceanography is complete without a mention of parameters such as salinity, temperature, pressure and density. Extensive research has been conducted to understand the role of these parameters in regulating oceanic processes, [1, 2] but there is still a lot of latent information that seems to remain elusive to the oceanographers worldwide. Salt concentration measurement in sea water is very important as it affect the weight of surface waters. Fresh water is light and floats on the surface, while salty water is heavy and sinks. Together, salinity and temperature determine seawater density and buoyancy, driving the extent of ocean stratification, mixing, and water mass formation. The density of surface seawater ranges from about 1020 to 1029 kg m −3 , depending on the temperature and salinity. Salinity is commonly defined as the ratio between the weight of dissolved material in the sea water sample and the weight of the sample [3] and is generally expressed in parts per thousand. The dissolved material includes dissolved gases, but excludes fine suspended particles and other solids that are in contact with sea water. Majority of seawater has a salinity of between 3.1% and 3.8%, with average of about 3.5% (35 g·L −1 ). Salinity varies from place to place and it is lower where mixing occurs with fresh water runoff from river mouths or near melting glaciers, and found higher where high rates of evaporation, low precipitation and river inflow, and confined circulation occurs such as Red Sea. Chlorine (55.3%), sodium (30.8%), sulfate (7.7%), magnesium (3.7%), calcium (1.2%) and potassium (1.1%) are the major constituent of sea water salts [4] . Salinity is also conveniently referred to as TDS or Total Dissolved Salts. Greater salinity and colder temperatures results in an increase in ocean density with a corresponding depression of the sea surface height, whereas in fresh waters and warm temperature the density is lower resulting in an elevation of the sea surface [3] [4] [5] [6] [7] . Further, the presence of high concentrations of salts in sea water makes it very harsh for any material to sustain in it. Thus, salinity measurement is important to people and Indus-tries dealing with sea water and require sensors which can withstand the harsh conditions of sea water for salinity monitoring. In ocean sciences, the electrical conductivity of seawater is used as an indication of salinity. Seawater salinity is calculated by formulas of the Practical Salinity Scale of 1978 (PSS-78) based on conductivity ratio measured by conductance sensors [4, 8, 9] . Conductivity measures how well the water sample conducts an electrical current, a property which is proportional to the concentration of ions in solution. The saltier the water, the higher the conductivity will be. The advantage of using conductivity over TDS is the ease with which measurements can be made. Thus, Seawater salinity can be calculated from measured values of conductivity and temperature.
Recently various principles and techniques have been reviewed for sensing sea surface salinity [10, 11] . Menn et al. described the advances in measuring ocean salinity using optical sensors. Such sensor usually measure refractive index of seawater which is related to density and can therefore be used to measure absolute salinity [12] . Malarde et al., described optical refractometer based salinity measurement via refractive index recording of seawater. Tests and calibrations were made in a temperature-stabilized seawater tank. Results indicated that it is capable of measuring seawater refractive index with a resolution of about ± 4 × 10
, equivalent to a salinity resolution of ± 2 × 10 −3 g·kg −1 [13] . Among conductivity based sensors, two types of sensors I.e. Contact type sensors and Non-Contact type sensors are available for salinity measurement. In Contact type of sensors, there is a direct contact between the measurement probes and the surrounding media, whereas there is no contact between the analyte and the sensing device for Non-Contact type sensors. This gives Non-Contact type sensors an apparent advantage over the Contact type sensors, whose long term stability is limited by polarization and fouling. The measuring principle for most non-contact conductivity sensors is inductive. However, inductive sensors suffer from the problem of external fields' interference. Apparently, the measuring field in this type of sensing is exposed to the surrounding media and does not couple entirely to the secondary coil of the transformer. Sea-bird Electronics Inc., in their comparative study on conductivity cells showed that most of the inductive cells currently in use have 11% to 20% of their field as external field which causes error in measurement [14] . The external fields lead to errors commonly known as proximity errors, which can have major consequences on the data. Thus, any material that has a conductivity value other than that of sea water can influence the calibration of the system. Cables, sensor housings and marine growth close to the conductivity cell also contribute to a shift in the system's calibration.
To overcome the problem of external fields associated with inductive sensing capacitive principles for conduction sensing can be employed. Parallel plate capacitors rely on trapping the electric field in the region between the plates, [15, 16] which provides an inherent confinement of the measuring field between the two plates, with little interference due to external fields/objects. Only a small portion of the field is exposed to the external media causing fringing effects at the corners and edges of the plates. Thus, due to the fringing fields at the plate edges the measured capacitance of a capacitor is generally higher than the calculated capacitance. Although, it is difficult to calculate the fringe field analytically, these are significant when the distance between the electrodes, is comparable to the smallest dimension of the electrode [17] . However, its effect can be minimized by using Kelvin guard electrodes (ring) in system [18] .
In this work attempts have been made to use parallel plate based capacitor for salinity measurement. Two commercially available polymers have been investigated to solve the problem of electrode fouling in sea water. Simulations have been conducted using P-spice software to simulate results and Twin-T oscillator design was employed to achieve higher sensitivity. Further, a reduction in frequency drifts has been achieved using frequency to voltage converter and Kelvin ring guard was employed to reduce the fringing field effects at edges of device.
Materials and Methods

Sensor Design and Simulation
Figure 1(A) shows the schematic of sensor design having two parallel plates with a Kelvin guard ring. The Kelvin guard ring was used to minimize the effect of fringing fields and to improve the accuracy of capacitance measurements. Further, to reduce the effects of fringing fields in the proposed meso-scale capacitor, the distance between the electrodes was kept ~600 microns, and the smallest dimension (length of the top electrode) was kept 1 cm. Additionally, the following design features ensured high fidelity in measurements, a) the guard ring and the electrode were fabricated in one step and were coplanar, b) the distance between the guard ring and top electrode was kept at 400 µm, smaller than the 600 µm distance between the capacitor plates, c) the guard ring was held at a potential equal to that of the opposite plate.
Finite Element Modeling (FEM) using the FEM tool Comsol Multiphysics was performed to quantify the reduction in fringe field due to the incorporation of the Kelvin guard ring. Further, "Quasi-static" a sub-module of the "Electromagnetic" section was used to simulate appropriate sensors operational frequency range. Each shape in the geometry was assigned a sub-domain name to facilitate the specification of materials used in the construction of the sensor. To simulate the seawater medium around the sensor, the capacitor was enclosed in a box with dielectric properties matching those of seawater. Next, the boundary conditions were specified by assigning voltage for each of the interfaces. This is the most important step prior to simulation, as the nature of the boundary dictates the electromagnetic equation used in the calculation of the electric fields in the system. The boundaries of the top metal plate were assigned a sinusoidal voltage, 5 Vp-p in magnitude, while those of the lower plate were assigned to ground. The junction of the liquid-dielectric interface was assigned as a continuous interface and is hence, governed by the equation,
where n is the normal vector and J 1 , J 2 are the current density vectors of the two adjoining materials in consideration. In reality the space charge region in liquid dielectric junction with polarization contribute to the overall impedance. However, for simplicity these contributions were neglected in this simulation. Further, a mesh with "normal" mesh size was used for the mesh elements in simulation. The sensor was analyzed in the "time harmonic, small current" mode and solved using "UMFP-ACK". The simulated system results for the potential distribution and electric field are shown in Figure 1(B) . Top in Figure 1(B) shows the electric field distribution represented by the streamlines while the color gradient represents the potential distribution at various regions in the capacitor. The energy density (E) stored by a capacitor was obtained using the post-processing operation via quasi-static simulation in COMSOL and given by the Expression 2,
Consequently, Equation (3) gives the capacitance from the energy density. The simulated capacitance for the modeled capacitor was obtained as 4.608 pF. Further, the capacitance of system obtained after the addition of guard rings (held at ground potential) around the capacitor plate (shown in bottom of Figure 1(B) ), was computed using Expression 3 and found as 4.1026 pF. As expected, the capacitance for this system was found lower than the sensor without guard ring. The reduction in the computed capacitance was 10.9%.
Detection Circuit
Employing Twin-T Oscillator Circuit
The capacitive sensor is part of a Twin-T oscillator detection circuit. The Twin-T circuit consists of two arms, the high pass arm and the low pass arm. The advantage of Twin-T oscillator over other single-capacitor circuits is a lower distortion sine wave output. This circuit functions as a notch filter by eliminating a particular frequency from the incoming signal, [19] which can be achieved by adjusting the values of the constituent elements of the circuit. The schematic of the oscillator circuit is as shown in Figure 2(A) . It was observed that at ~64 KHz (given by the circuit components), the phase of the output undergoes a 180˚ shift. For sustained oscillations, this filter can be configured as an oscillator by introducing an additional 180 degrees of phase shift around a closed loop.
In present work, capacitors in the circuit were replaced with the capacitive sensors fabricated in house, which act as the salinity senor. Also, the resistors used have a tolerance of 2%, to minimize drift in the oscillator response. This kind of a circuit incorporating R and C components can also be utilized in applications requiring low frequencies of operation.
Alternate Detection Circuit
To compare the response of system employing Twin-T oscillator, an alternative circuit for capacitive salinity sensing was developed based on frequency to voltage converters (F-V). This design employs only one capacitor and does not require matching of circuit components. A block diagram of the circuit is shown in Figure 2(C) . Difference amplifier (LM 6142).
In the schematic shown (Figure 2(C) ), the square wave required for the operation of the circuit was generated using a 555 timer. This was done to ensure that the entire circuit could be driven from a single voltage source of 10 V. A 20 turn precision potentiometer R18 was used for calibration. The potentiometer adjusts the pulse-width of the one shot internal to the reference F-V converter U2 during the calibration of the circuit. The expression governing the output voltage of the F-V converters is given by equation 4 [20] .
Fabrication of Conductivity Sensor
The sensor consists of two parallel copper-coated FR4 plates. One of the plates had a dimension of 2 × 1 cm and the other plate has a slightly larger dimension (2.1 cm × 1.1 cm), for alignment tolerance and bonding. The sensor plates were fabricated using copper clad FR-4 substrate boards. The process flow steps for the fabrication are as depicted in Figure 3 . The first step in the fabrication of the sensor involves lithography. Electrode patterns were transferred using photolithography on positive photoresist coated FR-4. The pattern was developed in aqueous KOH (9 grams of KOH per liter of Deionized water) at 50˚C for 15 seconds. After development, the exposed copper was etched using Ferric Chloride solution. Subsequently, the photoresist over the copper was dissolved using acetone. Next, a thin layer of a dielectric material was coated on the plates. Two polymeric materials (Novolac and Honeywell's Accuflo™) were evaluated to determine their effectiveness as corrosion inhibitors in ocean water.
Novolac resin was spin cast at 1000 rpm for 60 seconds to yield a thickness of ~5 microns. The resin was then hard baked on a hotplate at 140˚C for 90 sec. The top and bottom plates, fabricated separately, were aligned face to face with a spacing of ~600 m, using spacers and bonded using photoresist. Similar methodology was adopted for Accuflo coating on electrodes.
Electrochemical Impedance Spectroscopy Analysis of Electrode Passivation
Electrochemical Impedance Spectroscopy (EIS) is a powerful technique with a wide range of applications from material characterization to corrosion monitoring. Depending upon the type of EIS response and the prior knowledge of system under test, one can arrive at plausible conclusions about the state of the system. Usually for analysis, the real part of impedance is plotted against the imaginary part (complex plane impedance plot). Such a plot usually gives a semicircular arc, which in the context of corrosion can be interpreted as the electrochemical Further, the solution resistance is given by the high frequency intercept of the semicircle (closest to imaginary axis) and the charge transfer resistance is estimated by the diameter of the semicircle. Based on the estimation of these parameters, many physical quantities such as solution conductivity, exchange current density etc. can be determined.
In the present work, EIS technique was employed for the salinity sensor to understand the bulk and interfacial phenomenon. An Agilent 4294A impedance analyzer was used to record the impedance spectra of the parallel plate sensor system. Complex nonlinear squares (CNLS) fitting was used to analyze the generated experimental data.
Results and discussion
Novolac AZ and Accuflo Coated
Parallel plate Salinity Sensor Figure 4 (A-a) shows the Complex plane impedance diagram of copper electrode coated with Novolac AZ in 34.471 power supply unit (PSU) sea water. In Figure  4 (A), generation of semicircle in the Complex impedance plane is attributed to the convolution of coating and corrosion response [21] . Figure 4(A-b) shows the equivalent circuit used for data fitting and parameter extraction, and it includes the coating elements and interfacial elements [22] [23] [24] . The model consists of solution resistance in series with a parallel combination of coating capacitance and pore resistance. Each pore provides an ionic pathway; hence, electro-migration and diffusion proceed in the pores leading to a charge transfer at the electrode and double layer formation. The overall impedance of the equivalent circuit of Figure 4(A-b) is given by,
where, R pore is the pore resistance, R ct is the charge transfer resistance, C coat is the coating capacitance, C dl is the double layer capacitance and R sol is the solution resistance. Figure 4(B-a) shows the complex plane impedance plot of the Accuflo coated copper electrode. The shape of the curve indicates a low frequency Constant Phase Element (CPE) process in series with a parallel combination of pore capacitance and pore resistance. Figure 4(B-a) and the circuit (Figure 4(B-b) ) reveal good coating properties, which is indicated by the absence of charge transfer resistance, that represents the corrosion process. Circuit shown in Figure 4(B-b) was used to model the impedance data of Figure 4(B-a) . The overall impedance of this circuit is given by,
where, ω is the angular frequency. The CPE1, is a constant phase element, which represents pore capacitance. The impedance of a constant phase element is given by the expression, 1/A * (j * ω) n , where A is the magnitude of the element, ω = 2 * pi * f, is the angular frequency, and f is OJAB the frequency in Hertz. The parameter n is such that if n = 1, the impedance of a CPE is that of an ideal capacitor and when n = 0, the CPE is a pure resistor. The parameter CPE2 represents the electrical double layer effects. Even though the use of CPE yielded better quality than using discrete capacitances, the CPE power factors, α, is close to unity, indicating proximity to pure capacitor behavior. The overall impedance response might also be affected by the polymer film relaxation, [25, 26] introducing the slight frequency dependence to film and interfacial capacity.
Twin-T Oscillator Response with Novolac Resin and Accuflo Passivation Layer
Figure 5(A) shows the Twin-T oscillator with Novolac resin coating response to the variation in salinity of sea water. The frequency drift in the output for constant salinity of the solution was found to be ~400 Hz. This large frequency drift indicate the poor dielectric characteristics of Novolac. The frequency of the oscillator was observed to increase with increasing salinity. The oscillator frequency is inversely proportional to the capacitance of the sensor and hence, as salinity increases, the capacitance decreases, resulting in increased frequencies. The change in frequency was observed to be ~500 Hz for 0.0875 PSU change in salinity. It is observed from Figure 5 (A) that, as temperature increases the oscillator frequency increases. This is because the sensor's capacitance decreases with increasing temperature. Hence, frequency of the oscillator increases with temperature. The frequency was observed to shift by 0.12 KHz for every 5˚C. Figure 5(B) shows the Twin-T oscillator's with Accuflo as insulation layer response for varying salinities at 22˚C. The oscillator frequency was observed to increase by 0.058 KHz for every 0.14 PSU change in salinity which implies a sensitivity of 0.41 KHz/PSU. Further, with Accuflo as the insulation layer, good stability was achieved in the output of the oscillator. The frequency was observed to drift only by ± 10 Hz about a mean value at constant salinity and temperature.
Optical Characterization of Novolac Resin and Accuflo Coated Sensors
Two sensors, one coated with Novolac and the other coated with Accuflo were characterized using optical observations (data not shown). After 48 hours of immersion in ocean water sample at room temperature indicated that the Novolac coating is severely compromised, whereas Accuflo coating maintained its structural integrity during the period of exposure. These observations were found consistent with the EIS analysis of the two polymers, where it was found that the pore resistance of Novolac was three orders of magnitude lower than that of (i) (A) (ii) Accuflo. Pore resistance represents the cross sectional dimension of the electrolytic pathway that connects the electrolyte to the electrode metal. The larger the pore resistance means smaller the pathway and hence lesser the corrosion. The shape of the Nyquist plot itself provides a good inferential tool to predict coating failure. For example, the low frequency portion of the complex plane impedance plot of Accuflo is projected away from the real axis, as opposed to Novolac, for which it is approaching the real axis. The approach to real axis indicates a resistive mechanism at low frequencies, which is the corrosion mechanism. A straight line-like low frequency behavior parallel to the imaginary axis, such as the one seen for Accuflo, indicates a capacitive blocking behavior at low frequencies, which indicate an absence or very small amount of corrosion. Thus, visual observation of these plots could be used as visual corrosion diagnostic.
Response of F-V Converter Circuit
From the impedance analysis performed earlier, it was determined that Honeywell Inc's proprietary (Accuflo) spin-on-polymer is more suitable as a dielectric layer for this application than Novolac. Hence, it was selected as the coating material of choice for the salinity sensor. Experiments were performed to determine its sensitivity using the Frequency to Voltage conversion scheme discussed in section 2.2.
From Figure 6 , it is clear that the output voltage decrease with increasing salinity. This is because the output voltage is proportional to the sensor capacitance. For a change in salinity of 0.07 PSU, the change in output voltage was obtained as 0.7 mV. Thus, the sensitivity of this detection circuit is 10 mV/PSU. Further, the effect of temperature on the output voltage was studied in this experiment, at constant salinity of 34.65 PSU. The output voltage was observed to follow a decreasing trend with a temperature due to the capacitance drop with increasing temperature. Sensitivity of this approach to variations in temperature was found to be equal to 6.3 mV/˚C.
Conclusion
A polymer coated parallel-plate capacitive salinity sensor was fabricated and tested for salinity monitoring in marine environment. The use of standard PCB process for sensor fabrication provided low cost and mass fabrication. The EIS investigations on two polymeric materials as possible electrode passivation coatings for corrosion inhibition, namely, Novolac resin polymer (Novolac) and a proprietary commercial organic polymer (Accuflo™) reveals that Accuflo maintains its structural integrity, whereas Novolac is severely compromised and the underlying electrode undergo corrosion, which is in agreement with optical observations of the sensors after 48 hours of immersion in ocean water. Optimization of the sensor geometry was performed using Finite Element Modeling for fringe field reduction and interference minimization. By the addition of guard ring around one of the electrodes; the capacitance was observed to fall by 10%. In salinity detection strategies the Twin-T oscillator based detection circuit provided a sensitivity of 410 Hz/ PSU and enhanced frequency stability of the oscillator, with Accuflo as the electrode barrier layer. Whereas, the adoption of frequency-to-voltage conversion approach eliminated the effects due to drift in source frequency and sensitivity of this detection circuit was found to be 10 mV/PSU. Results indicate that Accuflo coating with Twin-T oscillator design can be used as effective sensor for monitoring of salinity under harsh conditions of sea water.
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